INTRODUCTION 33 34
The extensive genetic, linguistic, and cultural diversity of southern African populations 35 (Barnard, 1992; Cruciani et al., 2002; Wood et al., 2005; Tishkoff et al., 2007; Güldemann, 2008 Güldemann, , 2014 36 Quintana-Murci et al., 2010; Schlebusch et al., 2011) reflects a long history of population movements 37 and interactions. The so-called Khoisan populations are the descendants of some of the earliest 38 humans inhabiting the region; they are foragers and pastoralists who speak indigenous non-Bantu 39 languages characterized by the heavy use of click consonants. We use the term "Khoisan" without any 40 assumption about their genetic or linguistic unity (cf. Barnard, 1992) . Three language families are 41 recognized among Khoisan ( Figure S1 ): Tuu and Kx'a, spoken by populations known to have practiced 42 hunting and gathering until recently, and Khoe-Kwadi, spoken by a large number of different 43 ethnolinguistic groups practicing diverse subsistence strategies (Güldemann, 2004 (Güldemann, , 2005 (Güldemann, , 2008 (Güldemann, , 2014 44 Güldemann and Elderkin, 2010; Heine and Honken, 2010) . In addition to the diversity in languages and 45 subsistence strategies, there is broadly-defined phenotypic variation that occurs among Khoisan 46 populations. The majority of individuals speaking Tuu and Kx'a languages, and some of the populations 47 speaking Khoe-Kwadi languages, have light skin pigmentation and relatively short stature (a 48 phenotype we here refer to as the "Khoisan phenotype"). At the same time, the majority of individuals 49 from other Khoe-Kwadi-speaking populations, such as the Damara from Namibia as well as 50 populations inhabiting the Okavango delta and eastern Kalahari, are of taller stature and have darker 51 skin pigmentation (Weiner et al., 1964; Jenkins, 1986) . Genetic data revealed that the Khoisan 52 populations harbor some of the earliest branching mtDNA and NRY lineages (Tishkoff et al., 2007; 53 Batini et al., 2011; Rosa and Brehm, 2011; Barbieri et al., 2013b Barbieri et al., , 2014 Barbieri et al., , 2016 . Additionally, autosomal 54 genetic data indicate complex patterns of ancestry for most Khoisan groups, reflecting substantial 55 admixture with other groups as well as between different Khoisan groups (Pickrell et al., 2012 (Pickrell et al., , 2014 56 Uren et al., 2016; Montinaro et al., 2017) . 57 (Deacon and Deacon, 1999; Phillipson, 2005) . Genetic evidence of shared ancestry between the Khoe-66
Kwadi-speaking Nama pastoralists and the ǂKhomani and Karretjie (whose heritage languages 67 belonged at least in part to the Tuu family), and East African groups, specifically the Maasai, was 68 observed in autosomal data (Schlebusch et al., 2012) . Recent studies of ancient DNA from skeletal 69 remains from Africa demonstrated that all modern-day Khoisan groups for which there are genetic 70 data have been influenced by 9-22% genetic admixture from East African/Eurasian pastoralist groups 71 (Schlebusch et al., 2017; Skoglund et al., 2017) . 72
Further evidence for a migration from East Africa comes from lactase persistence variants; it 73 was first suggested by Schlebusch et al., (2012) that the lactase persistence genetic variant in the 74 Nama has an East African origin. In the same study, these observations together with autosomal data 75 were interpreted as support for an East African connection to the Nama. Subsequent studies on 76 lactase persistence confirmed these suggestions by finding elevated frequencies of an East African 77 lactase persistence allele in southern African pastoralist groups and in Khoe-speaking groups, 78 particularly the Nama (Breton et al., 2014; Macholdt et al., 2014 Macholdt et al., , 2015 . 79
In contrast to previous studies that concluded that the spread of pastoralism was driven by 80 demic diffusion, new studies of autosomal data argue that cultural diffusion in the absence of 81 significant gene flow might have played an important role in the spread of pastoralism (and possibly 82 Khoe languages) in southern Africa (Uren et al., 2016; Montinaro et al., 2017) . Nevertheless, these 83 studies still find evidence for admixture with Eastern Africa or Eurasian sources ~1,160-1,740 years 84 ago in all the Khoisan populations studied (Montinaro et al., 2017) . Further evidence comes from 85 mtDNA haplogroup L4b2, found in Nama and ǂKhomani San as well as in high frequency in the Hadza 86 and Sandawe from Tanzania (Knight et al., 2003; Tishkoff et al., 2007) , who also make use of click 87 consonants in their languages. In addition to L4b2, mtDNA haplogroups L5 and L3d might represent a 88 relic of the immigration of eastern African pastoralists, but they are found in very few southern African 89 Khoisan populations and their potential link with eastern Africa is not unambiguous (Barbieri et al., 90 2014 ); thus they do not provide compelling evidence of a genetic link between the Khoe-speaking 91 populations and eastern Africa. 92 In contrast to mtDNA, support for a demic diffusion from East Africa is more obvious when 93 the Y chromosome is considered. Based on the distribution of Y chromosome haplogroup E1b1b (E-94 M293) and associated microsatellite diversity, it has been suggested that this haplogroup spread 95 through Tanzania to southern-central Africa independently of the migration of Bantu-speaking 96 peoples along a similar route, with a movement of people who brought pastoralism ~2,000 years ago 97 (Henn et al., 2008) . However, this study was based on a data set that included just three populations 98 from southern Africa: the foraging !Xuun, the Khwe who have various modes of subsistence, and 99 agriculturalist South African Bantu, and thus it was not possible to demonstrate that this haplogroup 100 occurs in higher frequency in southern African pastoralist populations than in forager populations. 101
The more recent admixture event reconstructed with genomic data is a consequence of the 102 Bantu expansion that started around 5,000 years ago from the current Cameroon-Nigeria border. This 103 expansion is one of the most influential demographic events on the African continent (Grollemund et 104 al., 2015) , and led to a sex-biased pattern of admixture between Bantu speakers and the local groups 105 already present in territories settled by Bantu-speaking groups, including forager populations such as 106 Several models attempted to explain the pattern of genetic diversity seen in current forager 114 populations and surrounding Bantu populations. The Static and Moving Frontiers model (Alexander, 115 1977 (Alexander, 115 , 1984 was based on archeological data, and was later modified and expanded by Marks et al., 116 (2014) using genetic data from southern Africa. This model postulates different degrees of interaction 117 among incoming agro-pastoralist and resident foraging groups in the presence of "static" and "moving" 118 frontiers. The expansion of farming societies and/or their technologies into new regions in the absence 119 of ecological and geographical restrictions is termed the moving frontier phase, while a static frontier 120 phase emerges once the expanding society faces a natural or ecological boundary that prevents 121 further expansion. This model implies limited assimilation of foragers into farming communities during 122 the moving frontier phase of the dispersal process, with increasing likelihood of gene flow with 123 foragers in the static frontier phase. social inequalities between populations. Even though the two models focus on different forager 133 populations (Khoisan vs Pygmies) and employ different genetic and cultural processes in order to 134 explain the current genetic makeup of populations, both models address the same phenomenon, and 135 thus could be used as a framework for studying the Bantu expansion into areas previously inhabited 136 by foragers. 137
In this study we use previously published mtDNA and NRY sequences collected from a large 138 and comprehensive sample of Khoisan and Bantu-speaking populations to investigate the genetic 139 history and structure of southern African populations, with a focus on the impact of the east African 140 and Bantu migrations. Based on discrepancies between linguistic and genetic affiliations, we suggest 141 probable language shifts in several populations. Finally, we demonstrate that the intensity of sex-142 based gene flow varies considerably in southern African populations, and is related to geography. 143
144

MATERIAL AND METHODS 145 146
Samples 147
We collected data from two available datasets which analyzed the same population samples. 148
Genomic DNA was obtained from saliva samples of Khoisan and Bantu-speaking populations from 149
Botswana, Namibia and Zambia. The Y chromosome dataset consists of ~900kb sequences from the 150 non-recombining region from 547 individuals belonging to 24 different populations (Table S1, Figure  151 1; Barbieri et al., 2016) , and the mtDNA dataset comprises complete mtDNA genome sequences from 152 680 individuals belonging to 26 different populations . The NRY sequences from 153 the neighboring Khwe-speaking ǁAni and Buga populations were merged together into a combined 154 ǁAni/Buga population due to their low sample sizes; the mtDNA sequences were similarly merged to 155 be directly comparable to the NRY dataset. We refer to the dataset of 23 populations (17 Khoisan and 156 six Bantu) that overlap between the NRY and mtDNA datasets from Namibia, Botswana and Zambia, 157 as the "NBZ dataset" (Table S2 ). For analyses of autochthonous genetic structure before non-158 autochthonous haplogroups arrived in the area, we excluded from the NBZ data sets (both mtDNA 159 and the NRY) all Bantu populations, non-autochthonous haplogroups from Khoisan populations, and 160
Khoisan populations with sample sizes less than eight after removal of individuals with non-161 autochthonous haplogroups. This filtering resulted in 13 overlapping populations between mtDNA and 162 the NRY, and we refer to this dataset as the "AU-NBZ dataset" (Table S2) 2014), and we refer to this as the "SA dataset" (Table S3) . 167
Since the time of sample collection, additional linguistic research on the Kx'a family has 168 revealed that the language formerly referred to as ǂHoan consists of three dialects: N!aqriaxe, ǂHoan, 169 and Sasi. The language is nowadays referred to as ǂ'Amkoe (Güldemann, 2014; Gerlach, 2016) . 170
Although the samples included under the name ǂHoan mainly stem from N!aqriaxe speakers and 171 include only a few ǂHoan speakers, for ease of comparison with previous studies of these samples we 172 continue to refer to them as ǂHoan speakers. 173
Individuals assigned to haplogroup E1b1b were genotyped for a set of 23 STRs using the 174 PowerPlex® Y23 System (Promega, Mannheim, Germany; Table S4 ) as described previously (Barbieri 175 et al., 2016) . In order to place southern African samples in a broader picture and search for possible 176 connections with eastern Africa, they were subsequently merged with publicly available STR datasets 177 for the E1b1b haplogroup from Africa (Tishkoff et 
Data analysis 183
We used previous haplogroup assignments for both the mtDNA and the NRY data (Barbieri et 184 al., 2013b (Barbieri et 184 al., , 2016 . Networks for the NRY haplogroups were generated previously by Barbieri et al. 185 (2016) and were here colored by population in order to investigate the relationships among 186 populations. Branches in the NRY networks were numbered according to the tree in Figure 1 of 187 Barbieri et al., (2016) . Additionally, Network 5.0.0.1. (Fluxus Engineering, http://www.fluxus-188 engineering.com) was used to visualize the relationships between the STR haplotypes genotyped for 189 haplogroup E1b1b. The STR-based network was constructed by applying the reduced-median method 190 first and then the median-joining method (Bandelt et al., 1999) on the dataset with STRs weighted 191 according to their mutation rate (Heinila, 2012) . Networks were subsequently plotted and colored 192 with Network Publisher. between ISBGF and longitude and latitude were corrected for multiple testing with the "fdr" method 223 using the function p.adjust from the R package stats (R Core Team, 2014). 224
Differences in migration rates/effective population sizes between females and males. 225
Assuming an island model with neutrality (Wright, 1951; Wilder et al., 2004) one can use mtDNA and 226 NRY FST values (or ΦST) to explore differences in migration rates between females and males and/or 227 differences in their effective population sizes. The island model with neutrality predicts for a given 228 genetic system that FST (or ΦST) =1/(1+2ν), where the effective number of migrants is ν =Nm, with N 229 the effective number of chromosomes (mtDNA or NRY) and m the rate of migration. We use the ratio 230 of Nm estimates for mtDNA vs. the NRY to provide insights into the relative amount of female to male 231 migration (Wilder et al., 2004) . in Bantu populations ( Figure S2 ). However, these haplogroups are also observed in relatively high 244 frequency (>14%) in two Bantu-speaking populations (Herero and Kgalagadi; Table S6 ). 245
The A2 haplogroup has a narrow distribution in the central Kalahari ( Figure 1 , Table S6 ), and 246 it has been detected in low frequency in Baka foragers from Cameroon and Gabon (Batini et al., 2011) . 247
It is mostly present in Kx'a and Tuu-speaking populations, and to a lesser extent in Khoe-Kwadi 248 populations (Haiǁom, G|ui, Tshwa and Naro). In the network of A2 sequences ( Figure S3 ), all but one 249 haplotype of the Tuu-speaking populations occur on branch 9 (see Table S1 of Barbieri et al., (2016) The ǂHoan haplotypes are more closely related to haplotypes from neighboring Taa and G|ui 255 populations than to haplotypes from other Kx'a speakers. 256
Haplogroup A3b1 shows strong regional and linguistic clustering. It represents a major 257 autochthonous NRY haplogroup in most Khoe-Kwadi-speaking populations (ranging in frequency from 258 0-43%; Table S6 ), and is the only autochthonous haplogroup in the Nama. Interestingly, almost all 259 haplotypes from Khoekhoe speakers (Nama, Haiǁom and Damara) and !Xuun are found in a single 260 branch of the network (branch 13; Figure S4 ). Another branch (branch 11; Figure S4 ) almost exclusively 261 contains haplotypes found in the Khoe-Kwadi-speaking Khwe (ǁXo, and ǁAni/Buga) and Naro, which 262 inhabit the Okavango delta and neighboring Ghanzi District, respectively. The Ju|'hoan and Taa 263 populations make up the majority of the haplotypes found in branch 18, and they harbor similar yet 264 distinct sub-lineages within this branch. The Ju|'hoan sub-lineage of A3b1 also comprises one 265 haplotype from Naro and one from !Xuun. Branches 17 and 15 contain haplotypes belonging to 266 populations from all of the language families, and most of the haplotypes from the Bantu-speaking 267 Herero and Kgalagadi. 268 Present in almost all Khoisan populations (except ǁXo, Gǁana and ǂHoan), B2b has frequencies 269 higher than 23% in Ju|'hoan and Tshwa, and frequencies lower than 15% in the other populations 270 (Table S6 ). All but two haplotypes from the Kx'a-speaking Ju|'hoan and !Xuun belong to branch 26 in 271 the network ( Figure S5 ), which they share with all Naro haplotypes and one Haiǁom haplotype. All Taa 272 haplotypes are found in two distinct sub-lineages within branch 26 ( Figure S5 ). 273 Table S6 ). In addition, B2a is also found in three other Khoe Figure S2 , Table S6 ). The most striking 289 pattern is that most of the Tuu and Kx'a-speaking groups have low proportions of Bantu-related 290 haplogroups (range 3-38%), while Khoe-Kwadi-speaking groups vary much more (range 5-75%). 291
The network for haplogroup E1b1a+L485 sequences ( Figure S7 ) shows a star-like pattern, 292 suggestive of population expansion, that harbors haplotypes from all language families. The Damara 293 haplotypes are found within branch 38, and they are similar to the haplotypes found in neighboring 294
West Bantu-speaking Himba, Herero and Owambo. In the center of the network are haplotypes from 295
West Bantu-speaking populations (Himba, Herero, Owambo and Mbukushu) and Damara, which all 296 come from the northern part of the studied area. Interestingly, a newly described sub-lineage ( is also noticeable in branch 39 of the haplogroup E1b1a1 network ( Figure S7 ). The network for 300 haplogroup E1b1a8a sequences is similar to that of haplogroup E1b1a+L485 in exhibiting a star-like 301 pattern with haplotypes from all of the language families in the core ( Figure S8 ). 302
Finally, haplogroup E2 is found in frequencies lower than 5% in Taa, Damara, Haiǁom, 303
Owambo, and Kgalagadi, while in Mbukushu and Tswana it reaches almost 17% ( Figure 1 , Table S6 ). 304
The network for haplogroup E2 sequences shows a Haiǁom haplotype closest to the root, while Taa 305 haplotypes stem from Bantu haplotypes ( Figure S9 ). 306
E1b1b haplogroup. This haplogroup is considered to have an East African origin, and it has 307 been associated with the spread of pastoralism from East Africa to southern Africa (Henn et al., 2008; 308 Trombetta et al., 2015) . It is almost absent in Bantu populations in our data set (except Kalanga, 309
Tswana and Kgalagadi, where it ranges between 4.7 and 5.6%; Figure 1 , Figure S2 , Table S6 ), while it 310 is present in all Khoisan populations except Damara and Ju|'hoan North (ranging between 2.7% and 311 38.5%, where present). The sequence-based network of this haplogroup shows a star-like pattern with 312 all language families represented in the core of the network ( Figure S10 ). Interestingly, most of the 313 Khoekhoe-speaking Nama haplotypes are found in the core. Haplotypes found in the ǂHoan 314 individuals are on a branch shared with Taa and G|ui haplotypes (dotted circle in Figure S10 ). The 315 analysis of this haplogroup based on STR data and its possible link to the spread of pastoralism is 316 discussed in detail below. 317
Eurasian-related haplogroups. In eight populations we found 20 individuals (Table S1 ) with 318 NRY haplogroups that are traditionally considered to be of Eurasian origin (Underhill and Kivisild, 2007) . 319
Haplogroups G2a2b2a (n=3), I1 (n=3), and R1a1 (n=1) are found exclusively in the Nama; I2a2a (n=4) 320 and O (n=1) are found exclusively in the Damara; while G2a2b2b (n=1) is found in the Taa East. Other 321 haplogroups are more widespread, e.g. R1b1 is found in five individuals from different populations 322 (one in each of Himba, Kalanga, Tshwa, Nama, and Naro), while T1a2 is found in two individuals (one 323 Nama and one Herero). 324
AMOVA. Factors that might influence the genetic structure of southern African populations 325
can be explored by grouping populations using various criteria and then examining the proportion of 326 genetic variance shared among groups, among populations within groups, and within populations, 327 using AMOVA (Excoffier et al., 1992) . Overall, the genetic differentiation among groups is slightly 328 larger for mtDNA than for the NRY (~21% vs. ~17%; Table 1 ). When all Khoisan populations are 329 analyzed together as one group in the AMOVA, they show slightly higher differentiation between 330 populations for mtDNA than for the NRY (~17% vs. ~15%; Table 1 ), which may reflect geographically 331 structured mtDNA lineages and recent expansion of Bantu-related NRY haplogroups. However, this 332 pattern varies when the Khoisan language families are analyzed separately; the Khoe-Kwadi harbor 333 the biggest proportion of between-population variance for both uniparental markers. Overall, Bantu 334 groups harbor levels of between-group variation that are comparable to Khoisan populations for 335 mtDNA but lower for the NRY (Table 1) The highest values of between-group variance (~20% for mtDNA and ~13% for the NRY) is seen 340 when grouping populations by two broadly-defined phenotypes ("Khoisan" and "Non-Khoisan" 341 phenotypes), indicating that this phenotypic distinction reflects different population histories. The 342 second highest between-group variance for the NRY, and one of the highest for mtDNA, is seen when 343 populations are grouped into five groups defined by distinct, geographically organized autosomal 344 ancestry components inferred from unsupervised population structure analysis (Uren et al., 2016) . Table 1 ) and is thus one of the best groupings for the mtDNA, but it captures just ~9.4% 355 variation for the NRY. When only linguistic criteria are applied, grouping by the two major linguistic 356 groups (Bantu and Khoisan) better explains the variance between groups for both mtDNA and the NRY 357 than when grouping by the four language families (Bantu, Kx'a, Tuu and Khoe-Kwadi). 358
The results of the AMOVA analysis for the AU-NBZ data set, i.e. after removing the Bantu 359 populations and non-autochthonous uniparental lineages (Table S7 ) reveals that grouping by 360 phenotype has very low explanatory power, contrary to the entire dataset (Table 1 ). This suggests 361 that the association with phenotype in the entire dataset is driven by the difference between 362 autochthonous and non-autochthonous haplogroups. There is also larger genetic differentiation 363 among groups for the NRY than for the mtDNA (~23% vs. ~8%) for the AU-NBZ dataset (comprising 364 only autochthonous lineages), in contrast to the full dataset (~17% vs. ~21%), suggesting differences 365 in male vs. female migration between Khoisan and Bantu groups. Sex-biased gene flow is analyzed in 366 more detail below. 367 (Table S8 ; 3-sample test for equality of proportions without continuity correction 419 p-value = 0.77). In order to exclude possible masking of the pre-Bantu structure we compared 420 frequencies of E1b1b in groups practicing different subsistence strategies after excluding Eurasian and 421 Bantu-related haplogroups (i.e. E1b1a, E2, G, I, K and R1) and Khoisan populations with high 422 proportions of non-autochthonous ancestry (i.e. populations with predominant non-autochthonous 423 uniparental ancestry regardless of treatment of B2a: ǁXo, Shua, and Damara; discussed in more detail 424 in the section "Dominant uniparental ancestry components"). After this filtering the difference 425 between subsistence groups is statistically significant (Table S9; 3-sample test for equality of  426 proportions without continuity correction p-value = 0.0058). Populations with various subsistence 427 strategies have significantly higher frequencies of E1b1b than foragers (2-sample test for equality of 428 proportions with continuity correction FDR-corrected p-value = 0.023). However, the pastoralist Nama 429 do not have significantly different frequencies than foragers or populations practicing various 430 subsistence strategies (2-sample test for equality of proportions with continuity correction FDR-431 corrected p-values: 0.32; 1, respectively). It should be noted, however, that the sample size for 432 pastoralists in our dataset is low, and overall there is large variation in sample size for each of the 433 subsistence-based groups as well as in the number of populations included in each of the groups. We 434 also tested if the E1b1b haplogroup was in higher frequency in the pooled Khoe-Kwadi populations 435 than in the pooled Tuu or Kx'a populations; the difference in frequency between different Khoisan 436 linguistic groups is not significant (Table S8; Figure S12C ; B2a as NAUT: W = 387, FDR-corrected 484 p value = 0.003, 95% CI = 0.075-0.377; Figure 5C ). Treatment of B2a as autochthonous or non-485 autochthonous does not strongly influence ISBGF ( Figure S12 ) due to a strong correlation between 486 ISBGF when B2a is treated as autochthonous and when it is treated as non-autochthonous (p=2.6e-487 13, R 2 = 0.71; Figure S13 ). The treatment of B2a has the strongest influence on the Gǁana, who exhibit 488 the strongest sex-biased gene flow in the SA dataset (ISBGF = 1) when B2a is treated as a non-489 autochthonous haplogroup, but have a value of 0.21 when it is treated as an autochthonous lineage. 490
Moreover, populations in the central Kalahari and South Africa exhibit stronger ISBGF ( Figure 5A ), and 491 there is a significant correlation (FDR-corrected p value=1.4e-05, R 2 = 0.31) between latitude (north to 492 south) and ISBGF, but not between longitude and ISBGF ( Figure S14 ). The correlation between ISBGF 493 and latitude remains significant when Khoisan and Bantu populations are analyzed separately (Bantu: 494 B2a as NAUT: FDR-corrected p value=2.04e-05, R 2 = 0.6; B2a as AUT: FDR-corrected p value=0.0034, 495 R 2 = 0.34; Khoisan: B2a as NAUT: FDR-corrected p value=0.0108, R 2 = 0.33; B2a as AUT: FDR-corrected 496 p value=0.0015, R 2 = 0.34; Figure S15 ). The stronger ISBGF seen in southern populations is driven 497 mostly by higher levels of Khoisan-specific mtDNA haplogroups in southern Bantu populations, and 498 higher levels of Bantu-specific NRY haplogroups in Khoisan populations ( Figure 5 , Table S6 ). In Bantu 499 populations there is a statistically significant increase of Khoisan mtDNA lineages from north to south 500 (FDR-corrected p value=7.5e-07, R 2 = 0.69; Figure S16 ). 501
Differences in migration rates between females and males. Under an island model with 502 neutrality, the FST genetic distances can be used to estimate the effective number of migrants between 503 populations (see Material and Methods). The ratio of estimated female to male migration (νmtDNA/νNRY) 504 for the entire dataset is 0.796 (Table S10), indicating that the effective number of male migrants is 505 1.257 times bigger than that of female migrants. When just Bantu populations are taken into account, 506 the ratio becomes even smaller (νmtDNA/νNRY = 0.443) suggesting that the effective number of male 507 migrants is 2.255 times higher than that of female migrants. In contrast, Khoisan populations show 508 relatively equal migration rates for the mtDNA and NRY, although the ratio varies greatly among the 509 different language families. The overall effective migration rate between Bantu and Khoisan 510 populations is 1.35 times higher for males than for females, which together with the stronger ISBGF 511 in Khoisan populations than in Bantu ( Figure 5C best for mtDNA (AU-NBZ dataset, Table S7 ), and is also the second-best in terms of explaining the 527 variation among groups for both mtDNA and the NRY for the entire dataset (NBZ dataset, Table 1 ). 528
Uren et al., (2016) based their grouping on fine-scaled autosomal genetic structure, and interpreted 529 this as reflecting the role of geographic barriers and the ecology of the greater Kalahari Basin. In order 530 to test if this interpretation is consistent with our dataset of uniparental markers and real ecotypes, 531 we grouped populations according to terrestrial ecoregions. Our results indicate that ecology (here 532 defined as WWF ecosystem categories in which the populations live) has very low explanatory power 533 for both uniparental markers (WWF in Table 1 ). This might be an indication that the structure detected 534 by Uren et al. does not actually reflect ecological boundaries, but rather results from a more complex 535 mixture of geographical and historical factors. In addition, the WWF ecosystem categories are based 536 on modern-day data; these might not accurately reflect the prehistoric climate and vegetation 537 patterns and thus might be poor proxies for the potential environmental factors that shaped the 538 genetic variation seen today in southern Africa. 539
Overall, the AMOVA groupings with the best explanatory power are based on the differences 540 between Bantu and Khoisan populations, either in phenotype, languages or subsistence strategies 541 (Table 1 ). The highest value of the between group variance for both uniparental markers is seen in 542 grouping by the two phenotypes ("Non-Khoisan" vs. "Khoisan" phenotype; Table 1 ), which is expected 543 to correlate with genetic structure to the extent that there is a genetic basis for these broadly-defined 544 phenotypes. Interestingly, Khoisan populations with "Non-Khoisan" phenotypes are also reported to 545 carry a high proportion of autosomal Bantu-related ancestry (Pickrell et al., 2014); these same 546 populations carry high frequencies of non-autochthonous uniparental markers (Figure 4 ), and they are 547 close to the Bantu populations (Figure 2, Figure S11 ). The drastically different results obtained in the 548 AMOVA for the grouping based on the two phenotypes for the AU-NBZ (Table S7 ) and NBZ datasets 549 (Table 1) further indicates that admixture with Bantu populations is the main factor separating 550 populations with different phenotypes. Thus, our results suggest that the major factor influencing the 551 structure of both mtDNA and the Y-chromosome in southern Africa is the distinction between the 552 culturally and genetically divergent Khoisan and Bantu ancestries. Figures S7-S9 and S17-S20), further supporting their close relationship and long history of contact 562 with Bantu populations. We also identify several cases of mismatches between linguistic affiliation 563 and genetic makeup, which are suggestive of language shift. We find putative examples not only of 564 expected shifts from Khoisan to Bantu languages due to the cultural dominance of Bantu-speaking 565 populations, but also putative shifts from Bantu to Khoisan languages, as well as language shifts 566 between Khoisan language families; these are discussed in more detail below. 567
Damara, Himba and Herero. The Damara are an enigmatic group of Khoe-Kwadi speakers; in 568 all analyses they appear to be genetically more similar to Bantu groups (in particular, the Himba and 569
Herero ) than to other Khoisan groups (e.g., Figure 1, Figure 2, Figure 4 , Figure S11 ). Notably, 75% of 570 their NRY haplogroups are Bantu-related, while only 11% are autochthonous lineages (Figure 1 Figure S11 , Table S11 ). This high level of Bantu-related ancestry, 582 reflecting extensive admixture and/or language shift, needs to be taken into account when considering 583 the relationships of these Khoe-Kwadi populations. 584
Haiǁom and Nama. The lowest NRY ΦST distances for the Khoe-Kwadi-speaking Nama and 585
Haiǁom are with the Kx'a-speaking !Xuun (Figure 2, Figure S11 , Table S11 ). The low differentiation 586 between these populations is most probably driven by the sharing or close similarity of sequences 587 from Haiǁom, Nama, and !Xuun for NRY haplogroup A3b1 (branch 13 in Figure S4 ). Overall, the low 588 differentiation between Haiǁom and !Xuun would lend some credit to the suggestion (e.g., Barnard, 589 1992 : 12) that some !Xuun speakers shifted to the Khoekhoe language spoken by the Haiǁom. The low 590 mtDNA ΦST distances between the Haiǁom and the Nama (Table S11, Figure 2 , Figure S11 Even though closely related to the neighboring Haiǁom, the Nama stand out in having the 599 highest frequency of Eurasian NRY haplogroups (Figure 1) . With the exception of one B2b sequence, 600 the only autochthonous NRY haplogroup in the Nama is A3b1, and moreover all Nama sequences fall 601 in just one sub-lineage of this haplogroup (branch 13, Figure S4 ). This, and the genetic proximity based 602 on NRY ΦST distances between Nama, !Xuun and Haiǁom (Table S11, Figure 2) as well as the network 603 analyses (branch 13 in Figure S4 ), all suggest that Nama probably incorporated autochthonous NRY 604 haplogroups from the populations living in northern Namibia and Botswana. The connection between 605 Nama and some northern Khoisan populations was previously suggested in anthropological and 606 genetic studies (Nurse and Jenkins, 1977; Barnard, 1992; Boonzaier, 1996 as the ǂKhomani and Karretjie. In our data set the second lowest mtDNA ΦST distances for Nama after 610 the Haiǁom is with Taa West followed by Naro and Ju|'hoan (Table S11) . It thus appears that the Nama 611 have a complex genetic history, with different patterns in the NRY and mtDNA suggestive of admixture 612 with different Khoisan populations. 613 ǂHoan. Based on NRY ΦST distances, the ǂHoan, a Kx'a-speaking population, appear more 614 similar to the Khwe-speaking populations (ǁAni/Buga and ǁXo) and to the Tuu-speaking populations 615 than to the Kx'a-speaking Ju|'hoan populations (Figure 2, Figure S11 ). The closer connection of the 616 ǂHoan with the Khwe-speaking populations is most likely driven by haplogroups E1b1b and E1b1a8a, 617 which are in high frequencies in the ǂHoan (Figure 1) . However, network analysis shows that NRY 618 sequences found in the ǂHoan are related to sequences found in the Tuu-speaking Taa populations 619 and in the G|ui (Figures S3 and S10 ). The closer relationship of the ǂHoan to neighboring Khoe-Kwadi 620
and Tuu-speakers than to other geographically more distant Kx'a-speakers is additionally supported 621 by mtDNA ΦST distances, as they appear more similar to neighboring Khoe-Kwadi-speaking Gǁana and 622 Naro, and Tuu-speaking Taa North and Taa West than to other Kx'a speakers (Table S11) contacts between these groups, which is in good accordance with the linguistic data (Gerlach, 2016) . 626
Naro. The Khoe-Kwadi-speaking Naro exhibit the smallest NRY ΦST distances with the Kx'a-627 speaking Ju|'hoan South (Table S11) , and they are not genetically differentiated from the Ju|'hoan 628
South and Tuu-speaking Taa West populations in the mtDNA (Table S11) . The low differentiation 629 between these populations is most probably driven by the sharing or close similarity of sequences 630 from Naro, Kx'a and Tuu-speakers in the NRY ( Figure S3 , branch 26 in Figure S5 ), and mtDNA (dotted 631 circle in Figure S21 , dotted circle and arrow in Figure S22 , haplotypes within L0d1c haplogroup 632 indicated with arrows 2-6 in Figure S23 , and haplotypes within L0d2a1 in Figure S24 ). These findings 633 are in agreement with analyses based on autosomal data indicating that the Naro are genetically 634 intermediate between northwestern Kalahari (i.e. Ju|'hoan and !Xuun) and southeastern Kalahari (Taa) 635 populations, just as they are intermediate geographically (Pickrell et al., 2012) . Even though they show 636 high genetic affinities to the Kx'a and Tuu-speaking populations, Naro speak a Khoe-Kwadi language. 637 The Naro kinship system has been described as a simplified Khoe kinship system with some Ju|'hoan 638 features, and it has been hypothesized that they may have spoken a Kx'a language in the past and 639 subsequently shifted to a Khoe-Kwadi language (Güldemann, 2008; Barnard, 2016) . Genetic data 640 indicate that this culture and language shift was not just a cultural process, but rather that it was 641 driven by the diffusion of the Khoe-Kwadi-speaking people. Possible genetic evidence of contact 642 between proto-Naro, who may have spoken a Kx'a-related language, with Khoe-Kwadi populations 643 that could have contributed to the language shift in Naro may be found in branch 11 of the network 644 for NRY haplogroup A3b1 ( Figure S4 ). This branch harbors almost exclusively haplotypes from current 645 Khoe-Kwadi speakers (i.e. Naro, ǁAni/Buga, and ǁXo, who all belong to the West Kalahari Khoe sub-646 branch; Figure S1 ). Although most mtDNA lineages in the Naro are shared with Kx'a-and Tuu-speaking 647 groups, there are some lineages that are shared with Khoe-Kwadi-speaking groups, i.e. in one L0k 648 lineage shared with Khwe and Gǁana (arrow in Figure S21 ), one L0d1c haplotype predominantly shared 649 with G|ui and East Kalahari Khoe speakers (arrow 1 in Figure S23 ), and for L0d2ab there are haplotypes 650 shared or in close proximity to haplotypes from Haiǁom and G|ui ( Figure S24 ). Both the mtDNA and 651 the Y-chromosome evidence thus suggests that the putative language shift in the Naro was 652 accompanied by some gene flow. 653
Gǁana and Kgalagadi. The Gǁana are multilingual, like most Khoisan populations; they speak 654 both their own language (in this case, a Khoe-Kwadi language) and a Bantu language (in this case, 655 Kgalagadi). Based on their mtDNA haplogroup composition and Φst values they are similar to other 656 Khoisan populations, but they are a clear outlier for the NRY (Figure 1, Figure 4 and Figure S11 , Table  657 S11). The proximity of the Gǁana to the Kgalagadi in the NRY-based NJ tree and CA (Figure S11 B and 658 D) is in agreement with their own belief that the intermarriage between Khoisan females (presumably 659 G|ui or their close relatives) and Bantu males (presumably Kgalagadi) resulted in the founding of the 660 Gǁana population (Barnard, 1992) . This cultural belief of extreme sex-biased admixture is supported 661 by the high frequency of NRY haplogroup B2a in Gǁana (80%) and the fact that the lowest pairwise 662
Φst values for the NRY between Gǁana and any other population is with the Bantu-speaking Kgalagadi 663 (Table S11) One possibility is that the signal of East African ancestry in Khoisan populations was shaped 704 by a heavily male-mediated migration from eastern Africa (as previously proposed in Barbieri et al., 705 2014) . Thus, it is crucial to investigate the paternal history of Khoisan populations in order to 706 differentiate between the spread of pastoralism due to limited demic migration with more significant 707 cultural diffusion vs. a heavily male-biased demic migration from the east that brought pastoralism. 708
We do not find a higher frequency of the E1b1b NRY haplogroup, previously associated with the 709 spread of pastoralism (Henn et al., 2008) , in the pastoralist Nama (Table S8 , Table S9 ). Even though 710 the Nama are the only sensu stricto Khoe-speaking pastoralist population, they harbor just a subset 711 of the E1b1b NRY diversity compared with other Khoisan populations (Figure 3, Figure S10 ). This is 712 contrary to the expectation that diversity should be highest in the population that most probably 713 brought pastoralism, or represents a direct descendant of such a population. If E1b1b was indeed 714 associated with a migration of pastoralists, subsequent demographic events and/or changes in 715 subsistence practices in southern Africa have diminished the association. 716
However, even though it cannot be directly associated with pastoralism, haplogroup E1b1b 717 clearly has an eastern African origin. The close relationship of southern African E1b1b STR haplotypes 718 to haplotypes from the two eastern African foraging populations, Hadza and Sandawe (Figure 3) , 719 indicate a common origin of haplotypes in southern and eastern Africa. This is in agreement with the 720 linguistic hypothesis of a relationship between proto-Khoe-Kwadi and Sandawe (Güldemann and 721 Elderkin, 2010) . Interestingly, the diversity of haplotypes seen in different Khoisan populations, with 722 multiple star-like expansions from haplotypes in close proximity to eastern African foragers, suggest 723 a more complex migration history for haplogroup E1b1b than previously suspected. This migration 724 may have included multiple distantly-related haplotypes that subsequently were sorted into different 725 populations, and/or there may have been more than one migration event connecting eastern with 726 southern Africa. Further studies are needed to clarify the relationships between eastern and southern 727 African populations. 728
Eurasian haplogroups. The Nama are unusual in having the highest frequency of Eurasian NRY 729 haplogroups (32%); the Damara (who live in close association with the Nama) have the next highest 730 frequency (14%), and no other group has more than one Eurasian NRY sequence (Table S6) should be noted that the estimates of effective migration rates should be viewed with caution, as the 757 model underlying this approach is based on many biologically unrealistic assumptions (Whitlock and 758 McCauley, 1999; Holsinger and Weir, 2009 ) and because the method relies on FST (or ΦST) values that 759
can also be used to estimate coalescence times between populations (Slatkin, 1991) . Thus, FST alone 760 cannot be used to conclude whether the relatedness of populations is due to ongoing migration, 761 recent common ancestry, or both (reviewed in Holsinger and Weir, 2009 ). Nevertheless, previous 762 autosomal studies, as well as the presence of non-autochthonous uniparental lineages in 763 autochthonous populations and vice versa, testify to the impact of gene flow between populations, 764 and thus it is very likely that differences in ΦST values are largely influenced by migration. Therefore, 765 it is reasonable to assume that the calculated ΦST values at least partly reflect the higher rate of male-766 biased than female-biased migration between Khoisan and Bantu populations. Females from forager 767 communities are known to be preferred by Bantu-speaking males because of their reputation for 768 greater fertility, and the lower (if any) bride price of forager wives (Cavalli-Sforza, 1986; Lee, 1993; 769 Destro- Bisol et al., 2004) . The Bantu to forager flow of paternal lineages occurs if the children of such 770 liaisons remain in the forager villages (Lee, 1993) . Conversely, the flow of maternal lineages from 771 forager to Bantu groups occurs if the children are brought up in the Bantu communities. Strong 772 sociocultural taboos inhibit unions between forager males and Bantu females (Cavalli-Sforza, 1986; 773 Lee, 1993) . Although this expected sex-biased signature is stronger in Khoisan than in Bantu 774 populations, there is considerable variation in the intensity of the sex bias among different 775 populations ( Figure 5C, Figure S12C ), and so other factors must also play a role. 776
Residential practices is another cultural trait that is likely to influence the distribution of 777 genetic variation, and thus the signal of sex-biased gene flow. Patrilocal populations are expected to 778 show less population differentiation for the mtDNA than the NRY because of higher rates of female 779 migration between local groups, while the reverse is expected for matrilocal populations. Indeed, it 780 has been observed that mtDNA is more geographically structured than the NRY in matrilocal preferentially practice patrilocal postmarital residence after an initial period of matrilocality (and to a 785 lesser extent neolocality; Barnard, 1992) , we observe larger differences among populations for mtDNA 786 than for the NRY (Table 1) , and thus higher effective migration rates for NRY than for mtDNA (Table  787 S10), which is the pattern characteristic for matrilocality and not for patrilocality. Even more 788 intriguingly, we observe that the putatively higher NRY than mtDNA migration is more prominent 789 between Bantu populations than between Khoisan populations. This deviation could be explained by 790 a rapid male-dominated Bantu expansion over huge geographic areas and incorporation of already 791 geographically structured mtDNA lineages into expanding Bantu populations. This scenario would 792 result in a relatively homogeneous NRY genetic pool in Bantu populations across a huge geographic 793
area, yet with more diverse and geographically structured mtDNA. Marks et al., (2012) showed that 794 even though female migration is more frequent among patrilocal populations, males migrate 795 preferentially at longer distances than females, suggesting that patrilocal residence is expected to 796 mostly impact geographically close groups. As geographic distances between populations in our data 797 set are mostly >200km, which would be considered long-range distances (Marks et al., 2012) , it is 798 possible that the observed pattern is due to a higher migration rate of men at longer geographic 799 distances rather than an overall higher migration rate. However, our data are insufficient for 800 separating the effects of migration rate vs. geographic distance; further studies are needed. 801
One of the most striking findings of our study is the increase of sex-biased admixture from 802 north to south. With the assumption that the initial contact between Bantu and Khoisan populations 803 occurred in the north, the increasing ISBGF towards the south (Figure 5 A-B , Figure S12 A In conclusion, we have carried out a comprehensive population-level study of matrilineal and 829 patrilineal lineages in southern African populations, integrated within their historical and 830 anthropological background. Discrepancies found between the linguistic and genetic relationships of 831 Damara, Naro, ǂHoan, and Haiǁom suggest probable language shift and/or extensive contact between 832 these and other, linguistically unrelated, populations. We find support for a migration from eastern 833 Africa but do not find an association of NRY haplogroup E1b1b with pastoralism today, suggesting that 834 the arrival of pastoralism was more complex than previously suspected. Our study indicates that the 835 Bantu expansion was probably a rapid, male-dominated expansion, during which local Khoisan 836 females were much more likely to be absorbed into Bantu populations than Khoisan males. We 837 detected a stronger intensity of sex-biased gene flow in Khoisan populations than in Bantu populations 838 via the incorporation of non-autochthonous NRY lineages into Khoisan populations. Finally, we find 839 that the intensity of the sex-biased gene flow increases from north to south, possibly due to the more 840 recent arrival of Bantu populations in the south along with the gradual establishment of social 841 inequalities between autochthonous Khoisan populations and expanding Bantu-speaking populations. 842
Further studies with ancient samples spanning the time frame from pre-Eastern African migration to 843 post-Bantu migration, along with further analyses of modern samples, will clarify the temporal 844 dynamics of interactions between these migrations and the autochthonous populations. 845
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Population symbols and colors indicate linguistic affiliation, as shown in Figure 1 . Table 1 . Analysis of Molecular Variance (AMOVA) for the mtDNA and NRY data. The names of different 922 groupings are followed by the number of groups defined in brackets (see Table S5 for information on 923 populations included in each of the groups). FDR-corrected p-values significant at the 0.05 and 0.01 924 levels are indicated with (*) and (**), respectively. 
